Hydrodynamic or continuum descriptions of electron transport have long been used for modeling and simulating semiconductor devices. In this paper, we use classical field theory ideas to discuss the physical foundations of such descriptions as applied specifically to high-field transport regimes. The classical field theory development of these types of models is of interest because it differs significantly from and may be viewed as complementary to conventional derivations based on the Boltzmann equation: After outlining the general field theoretic principles upon which our development of fluid-based high-field transport descriptions is based, we study several specific models both analytically and using numerical simulation. These models provide an overall framework for understanding and extending various theories which have appeared in the literature. Most importantly, they emphasize the importance of including memory or history effects and viscosity in describing high-field transport. In all of this our aim is a unified and synoptic view unencumbered with microscopic details. Obtaining quantitative agreement with specific experiments and/or microscopic simulations is only of secondary importance. We share the view that continuum approaches can provide succinct and computationally-efficient models needed for current and future semiconductor device analysis and engineering. At the same time, we believe that these models need not be phenomenological but can be given solid physical foundation in macroscopic principles.
INTRODUCTION
uch effort has been devoted to developing theories of various kinds for modeling and simulating semiconductor devices. And with the device size reductions required for VLSI integration such work has become increasingly important for the further progress of the entire microelectronics enterprise. Unfortunately, the reduction in device sizes has also brought "new" physical phenomena into play which are not described by the traditional modeling approaches, e.g., "high-field" transport effects such as velocity overshoot or quantum transport effects such as tunneling. As a result, there has been a need for engineering-oriented modeling methods which are capable of describing some or all of this "new" submicron device physics. In attempt-* Permanent address: Code 6813, Naval Research Laboratory, Washington, DC 20375. E-mail: ancona@estdsun4.nrl.navy.mil. ing to fill this need, the initial and primary response (about 15 years ago)was that it had become necessary to abandon the macroscopic or continuum basis of the traditional approaches and that a microscopic approach was now required. This was most prominently manifested in the intense development of ensemble Monte Carlo methods for solving the Boltzmann transport equation [1] . Subsequently, however, it became increasingly apparent that the computational demands of the microscopic approaches render them largely inappropriate for device design. Thus, macroscopic descriptions have remained of great value from an engineering pointof-view. The purpose of this paper is to provide an
In this paper we use the words "macroscopic", "continuum", "hydrodynamic" and "fluid-based" more or less interchangeably. Thus our meaning for "hydrodynamic" is the usual one in other fields but differs from the very specific definition--energy-transport modelsmoften given it in electron device modeling. In our terms, even the diffusion-drift description is "hydrodynamic". 102 M.G. ANCONA overview and general development of the macroscopic approaches to semiconductor electron transport theory as applied specifically to high field transport regimes.
Because of their computational advantages, fluidbased models of high-field transport have received considerable attention in the literature [2] [3] [4] [5] [6] [7] . Now in all of this literature the view is maintained that the correct way of obtaining and generalizing such models is via microscopic derivation (phase-space averages) from the Boltzmann equation [8] [9] [10] . While [11] . The most important feature of the classical field theory approach is that it focuses directly on the consequences of broad physical principles of conservation and invariance. In this way, it develops general equations which are largely independent of microscopic assumptions and which must therefore hold over a wide range of circumstances. This approach may be viewed as complementary to the conventional one and, from a device engineering standpoint, we believe it to be more useful. Whatever the case, because the classical field theory approach is not widely appreciated in the electron transport modeling community (see Ref. 12 for some exceptions), it is deserving of attention. Presenting this approach and using it as a framework to organize and understand several fluid-based high field transport theories are the primary goals of this paper.
The [2] who showed that by simultaneously solving momentum and energy balance equations with appropriate relaxation terms one could describe velocity overshoot. Much work along these lines followed [3] [4] [5] [6] [7] mostly based on the derivation of B1Otekjaer [9] and these types of models have come to be referred to as "energy transport models" or simply as "the hydrodynamic model." In Sec. 2, we use classical field theory methods to develop a fluid description which is quite similar to these models. In fact, when particular constitutive choices are made, the two descriptions become identical. Because of this our discussion of this class of models is brief. More interestingly, in Sec. 3 we discuss models which are possible when heat conduction in the electron gas is insignificant. These models, while bearing some similarity to the phenomenological approach of Thornber [13] From the foregoing equations we can derive both the differential equations and boundary conditions of the field theory. The former follow when the necessary derivatives exist while the latter arise when the differentiability assumptions fail (at boundaries and interfaces) and are readily derived via "pillbox" arguments [11, 15] 
where Id, LF and DLF are the low-field mobility and diffusivity, respectively, and z w is an "energy relaxation time" which depends on T", then (2.2) becomes identical to a usual form of the energy transport model [9, 17] . [2] .
The question of whether heat conduction in the electron gas is significant or not is obviously situation-dependent and also partially depends on the meaning of "significant." Under homogeneous field conditions, from Fig. 1 [11] ). Each of these possible constitutive equations is distinguished by the extent to which D depends on the history of E: (3.6a) has no history dependence, (3.6b) contains the most recent history (in a Taylor sense) and (3.6c) assumes dependence on the full history. For this paper, (3.6a) is obviously adequate, however, the example is instructive. First, a prime characteristic of the high field transport situations studied in this paper is history dependence (in other constitutive equations) and in describing this we will be led to consider constitutive equations analogous to (3.6b) and (3.6c). Secondly, there is the general point of classical field theory [11] that the constitutive theory is independent of the general balance equations: (2.2c) (or its electromagnetic version, Ampere's law) holds no matter whether (3.6a), (3.6b) [22] as shown in Fig. 2 and this causes the kinematic viscosity to vary also via (3.7c) (Fig. 2) . For this paper we assume the kinematic viscosity to be that given in Fig. 2 [25] . For the high field regimes of interest in this paper we are interested in situations with rapid variations and as usual this means that /x must become history dependent to reflect the noninstantaneous nature of scattering. For this history dependence we again use a rate theory like (3.6b), simply replacing the E dependence of /z by a dependence on (3.10b) The connection between the theory of this section and existing fluid-based models for high-field transport regimes is more tenuous. Of these models, we focus here on the relationship to the phenomenological approach proposed by Thornber [13] . Thornber's idea was that one could describe high field transport simply by adding additional terms to the diffusiondrift equation (3.11) . With his specific additions one has the so-called augmented diffusion-drift equation [26] where 'r is an adjustment time which measures (roughly) how far into the past the electric field history has influence on the mobility. We find that a "good"value for the adjustment time of the flow, 'r, is about 0.12 psec in silicon at room temperature. Lastly, we note that if one is interested only in steady-state, dE/dt may be replaced in (3.10b) by its steady-state value u. VE.
As a final remark for this subsection, we reiterate that the constitutive equations (3.7)-(3.10) needed for the theory are less reliable than the remainder of the field theory and may not be robust when applied in other situations, e.g., under transient conditions. This is especially true of (3.10a) which is of interest only because of its simplicity and its connection to previous work. We again emphasize that in this paper our main purpose is exposition of general principles and not devising optimal material response functions. In future work, we hope to make detailed comparisons with many Monte Carlo simulations and either confirm or correct the constitutive theory as specified above. For now, with he specification of (3.6a), (3.7), (3.8) and (3.10a)with (3.10b), boundary conditions)of the single-fluid theory of electron transport in semiconductors at high fields.
B. Connections With Other Theories
The theory developed above reduces directly to standard diffusion-drift theory under certain conditions. In particular, if the electron gas is ideal [(3.6a)], the history dependence of the electron-lattice interaction is negligible [(3.10a)without (3.10b)] and inertia and viscosity are unimportant, then (3.9) takes the form of the diffusion-drift equation (3.11) nu n l.E DVn, with D kTl/q. Thus, when these conditions are met in a transport simulation, e.g., in a large-device, our single-fluid theory reduces to the traditional modeling approach which is known to be accurate in these regimes. This is, of course, as it should be. [27] .
There are both important similarities and differences between our single-fluid theory and (3.12).
The first and most fundamental similarity is that use of (3.12) represents an assertion that one need not solve the energy equation in order to describe "hot" electron effects. A second important similarity is that the terms added by Thornber serve to introduce rate effects into the diffusion-drift description and, as we have emphasized, such history dependence is a key feature of high-field transport. Other than this, however, Thornber's approach would seem to be quite limited and indeed this has been found in numerical simulation [28] . From a theoretical pointof-view the most serious flaw in Thornber's ap- proach is that it is purely ad hoc (although attempts at justification from the Boltzmann equation have appeared [29] ). That is, it stems from the widely-held but misleading notion that the diffusion-drift equation is a constitutive equation for the current so that one can add to it whatever terms seem appropriate to fit the physics. But as the derivation of (3.11) from (2.2b) shows, the current equation is in fact an approximate expression of momentum balance in the electron gas and, if this is not taken into account, one mixes physical principles (balance laws) and material response (constitutive equations). tering through (3.10b ) and the effects of viscosity through (3.7b 
